
Design and Evaluation of GNSS/INS Tightly-Coupled Navigation Software for Land Vehicles 

 

 

Zhi Chao. Wen 1, You. Li2,3, Xue Li. Guo2, Xuan Xuan. Zhang4 

 

1 China University of Geosciences, Beijing, China - 1046407953@qq.com. 

2 State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University, Wuhan, China - 

liyou@whu.edu.cn, China - guoxueli@whu.edu.cn. 

3 Hubei Luojia Laboratory, Wuhan, China. 

4 Chinese Academy of surveying and mapping, Beijing, China - 779865060@qq.com. 

 

Commission III, WG III/1 

 

KEY WORDS: GNSS/INS, Tightly-Coupled Navigation, Land Vehicles, PPP. 

 

 

ABSTRACT 

 

Due to the development of society, the city center is full of high-rise buildings and the traffic becomes increasingly convenient; 

accordingly, there is a high demand for high-precision savigation in such areas. This paper studied the GNSS/Inertial Navigation 

System (INS) integrated navigation algorithm and developed software that can process GNSS data and IMU data. To verify the 

positioning performance of the algorithm, we collect the data of onboard GNSS and IMU in an urban environment and compare the 

results of GNSS positioning and GNSS/INS tightly-coupled navigation. The horizontal and 3D positioning accuracy of GNSS/INS 

tightly coupling is better than 0.8 m and 1.2 m, respectively. Compared to GNSS, the 3D and horizontal position precision of GNSS/INS 

tightly coupling improved by 17.4 % and 54.9 %, respectively. It proves that the GNSS/INS tightly-coupled navigation can provide 

higher-precision and more robust positioning results. 

 

 

1. INTRODUCTION 

With the development of society, the global navigation satellite 

system (GNSS) has been widely used in various fields, such as 

meteorology, vehicle navigation, precision agriculture, and 

disaster monitoring (Aykut, 2018; Erol, 2020; Guo et al., 2018; 

Guo et al., 2019). GNSS provides users high-precision 

positioning, velocity, and timing service day and night. In recent 

years, GNSS has been continuously developed and improved. 

Precision single-point positioning (PPP) is a mainstream high-

precision positioning technology. For PPP, some scholars proved 

that the PPP algorithm can provide high-precision positioning 

results, and using multi-frequency and multi-mode GNSS data 

can improve positioning accuracy and convergence time (Li et al., 

2020). However, in the complex urban environment, fewer 

observable satellites and serious multipath effects will reduce the 

positioning precision. Therefore, a more reliable navigation 

solution is required (Li et al., 2021). To meet this requirement, 

scholars focus on navigation based on the integration of GNSS 

and multiple sensors, such as IMU, RGB camera, lidar, odometer, 

and magnetometer (Zhao et al., 2020). 

 

GNSS/INS coupled navigation is one of the research 

hotspots at present (Chen et al., 2021; Jiang et al., 2021; Zhang 

et al., 2020). Inertial navigation system (INS) can provide high-

precision position and velocity information in a short time and is 

not affected by the environment, but the positioning error will 

accumulate rapidly over time and rely on high-precision initial 

position and velocity information (Li et al., 2014). The 

combination of GNSS and INS can make up for various defects. 

GNSS provides INS high-precision initial position and speed 

information and avoids the accumulation of positioning errors 

(Abdolkarimi, Mosavi, 2020). INS can also obtain high-precision 

navigation results when the GNSS satellite signal is weak or even 

out of the lock in a short time. Therefore, even in the complex 

urban environment, GNSS/INS coupled navigation can still get 

high-precision, stable, and reliable navigation results (Falco et al., 

2017; Gu et al., 2021; Shi et al., 2021).  

 

This paper studied the algorithm based on GNSS/INS coupled 

navigation and developed a software that can process GNSS data 

and IMU data based on MATLAB. First, we will briefly 

introduce the software. Then, a brief description of the theory of 

GNSS/INS tightly-coupled navigation. Afterward, the 

experimental results are presented and analyzed, which validate 

and assess the performance of our software. Finally, we 

summarize the main conclusions in the last section. 

 

2. MATHEMATICAL MODEL 

2.1 GNSS model 

GNSS basic observation equation： 

 

{
 
 

 
 
Pr,f
s,T
= ρ + c(tr − ts,T) + 𝐼𝑜𝑛r,f

s,T
+ 𝑇𝑟𝑜𝑝

+(dr,𝑓
T − d𝑓

s,T) + εr,𝑓
s,T

Lr,f
s,T
= ρ + c(tr − ts,T) − 𝐼𝑜𝑛r,f

s,T
+ 𝑇𝑟𝑜𝑝

+λ𝑓
s,T(Nr,𝑓

s,T
+ br,𝑓

T − b𝑓
s,T) + ξ

r,𝑓

s,T

         (1) 

 

where  Superscript and subscript s, r, f, T represent the satellite, 

receiver, carrier frequency band, and satellite system, 

respectively. P and L are pseudo range and carrier observations, 

respectively; ρ is the distance from the satellite to the receiver; 

 tr  and ts,T  are receiver clock error and satellite clock error 

respectively; 𝐼𝑜𝑛  and 𝑇𝑟𝑜𝑝  are Ionospheric delay and 

tropospheric delay; dr,𝑓
T  and d𝑓

s,T
 are code bias on receiver and 

satellite respectively; br,𝑓
T 和b𝑓

s,T
  are phase bias on receiver and 

satellite respectively; λ𝑓
s,T

 are wavelength; Nr,𝑓
s,T

 are ambiguity; 

εr,𝑓
s,T

 and ξr,𝑓
s,T

 are the sum of observation noise and multipath error 

on pseudo range and carrier respectively;  

 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVI-3/W1-2022 
7th Intl. Conference on Ubiquitous Positioning, Indoor Navigation and Location-Based Services (UPINLBS 2022), 18–19 March 2022, Wuhan, China

This contribution has been peer-reviewed. 
https://doi.org/10.5194/isprs-archives-XLVI-3-W1-2022-213-2022 | © Author(s) 2022. CC BY 4.0 License.

 
213

mailto:1046407953@qq.com
mailto:guoxueli@whu.edu.cn
mailto:779865060@qq.com


 

Antenna phase center offset (PCO) and phase center variety 

(PCV) of receiver and satellite, relativistic effect, sagnac effect, 

phase windup, ocean tide error need to be corrected according to 

the priori model. Ionospheric delay parameters are constrained 

using global ionospheric model (GIM) products. Linearize (1) 

can obtain 

 

{
  
 

  
 ∆Pr,f

s,T = μr
s,T ∙ x + ct̂r + 𝐼𝑜𝑛r,f

s,T + 𝑇𝑟𝑜𝑝

+𝛽𝑇(𝐷𝐶𝐵𝑟
𝑇 + 𝐷𝐶𝐵𝑠,𝑇) + εr,𝑓

s,T

∆Lr,f
s,T = μr

s,T ∙ x + ct̂r − 𝐼𝑜𝑛r,f
s,T + 𝑇𝑟𝑜𝑝

−𝛽𝑇(𝐷𝐶𝐵𝑟
𝑇 + 𝐷𝐶𝐵𝑠,𝑇) + λ𝑓

s,TN̂r,f
s,T + ξr,𝑓

s,T

𝐼𝑜𝑛𝐺𝐼𝑀
𝑠,𝑇 = 𝐼𝑜𝑛r,f

s,T

        (2) 

    

where  ∆𝑃 and ∆𝐿 are pseudo range and carrier observations 

minus the calculated values, respectively. μr
s,T and  x  are the 

direction vector from the receiver to the satellite and the position 

vector of the receiver. 𝐷𝐶𝐵𝑟
𝑇  and 𝐷𝐶𝐵𝑠,𝑇  differential code bias 

of receiver and satellite. Coefficient 𝛽𝑇 = −
(𝑓2
𝑠,𝑇)

2

(𝑓1
𝑠,𝑇)

2
−(𝑓2

𝑠,𝑇)
2. 

 

 In equation 2, the value of satellite difference code bias (DCB) 

is very stable within one month and can be corrected directly with 

DCB products. However, DCB products only have the receiver 

DCB of some IGS stations, so the receiver DCB is solved as an 

unknown number. The corresponding observation model matrix 

is as 

 

{
 
 

 
 

𝑍 = 𝐻𝐺𝑁𝑆𝑆𝑋𝐺𝑁𝑆𝑆 + 𝜀

𝑍 = [𝑃1 𝑃2 𝐿1 𝐿2 𝐼]𝑇

𝑋𝐺𝑁𝑆𝑆 = [𝑥 ct̂r 𝐷𝐶𝐵 𝐼𝑜𝑛 𝑇𝑟𝑜𝑝 𝑁]𝑇

𝐻𝐺𝑁𝑆𝑆 = [
𝐻𝑥 𝐻ct̂r 𝐻𝐷𝐶𝐵 𝐻𝐼𝑜𝑛 𝐻𝑇𝑟𝑜𝑝 𝐻𝑁

0 0 0 𝐼 0 0
]

   (3)                   

 

where  z ， 𝐻𝐺𝑁𝑆𝑆 ， 𝑋𝐺𝑁𝑆𝑆  are observation vector, design 

matrix, and state vector. 𝐼𝑜𝑛   is the ionospheric delay of all 

satellites is observed for this epoch; 𝑁 = [𝑁1 𝑁2]  are the 

ambiguity of all satellite carrier observations L1 and L2. 

 

2.2 INS model  

INS calculates the state of the carrier in the next epoch 

according to the initial state (position, velocity, and attitude) and 

the observed values (velocity increment and angular velocity 

increment or specific force and acceleration). This process is also 

called mechanical arrangement. There are several error models 

of INS, the most classic are psi angle model and phi angle model. 

In this paper, psi angle model is used to calculate the error 

equation of velocity, position, and attitude in the computer 

coordinate system (c-frame): 

 

δv̇c = 𝑓𝑐 × ψ + Cb
p
δ𝑓𝑏 − (𝜔𝑖𝑒

𝑐 +𝜔𝑖𝑐
𝑐 ) × δvc + δgc

δṗc = ωce
e × δpc + δvc

ψ̇ = −𝜔𝑖𝑐
𝑐 × ψ − Cb

p
δωib

b

}   (4)                          

 

where  δv̇c and δṗc are velocity and position error vectors in 

c-frame, respectively; ψ̇ is attitude error vector; 𝑓𝑐  is the specific 

force in c-frame； Cb
p

 Is the rotation matrix from the body 

coordinate system (B-frame) to the platform coordinate system 

(P- frame); ωce
e  is angular velocity from c-frame to e-frame in e-

frame; 𝜔𝑖𝑐
𝑐  is angular velocity from I-frame to c-frame in c-frame; 

𝜔𝑖𝑒
𝑐  is angular velocity form I-frame to e-frame in c-frame; δ𝑓𝑏  

and δωib
b  are uncertainty of accelerometer and gyroscope, 

respectively; Usually, δ𝑓𝑏  and δωib
b  is modeled as scale factor 

error, bias error, and white noise: 

 

 δ𝑓𝑏 = 𝐵𝑎 + 𝑑𝑖𝑎𝑔(𝑓
𝑏)𝑆𝑎 + 𝜀𝑣

δωib
b = 𝐵𝑔 + 𝑑𝑖𝑎𝑔(ωib

b )𝑆𝑔 + 𝜀𝜑
}                  (5) 

 

where  𝐵𝑎  and 𝐵𝑔  are the bias error of accelerometer and 

gyroscope, respectively; 𝑆𝑎 and 𝑆𝑔 are the scale factor error of 

accelerometer and gyroscope, respectively; 𝜀𝑣  and 𝜀𝜑  are the 

processing noise error of velocity and angular rate, respectively; 
𝑑𝑖𝑎𝑔() is the diagonal matrix; 

 
The errors of accelerometer and gyroscope are modeled as first-

order Gauss–Markov processes (Shin 2005)： 

{
  
 

  
 𝐵̇𝑎 =

−1

𝜏𝑏𝑎
+𝜔𝑏𝑎

𝑆̇𝑎 =
−1

𝜏𝑠𝑎
+ 𝜔𝑠𝑎

𝐵̇𝑔 =
−1

𝜏𝑏𝑔
+ 𝜔𝑏𝑔

𝑆̇𝑔 =
−1

𝜏𝑠𝑔
+𝜔𝑠𝑔

                                (6) 

 

where  𝜔  and 𝜏  are white noise and correlation time 

coefficient, respectively; 

 

The state vector of the INS model is: 

 

𝑋𝐼𝑁𝑆 = [𝛿𝑝𝐼𝑁𝑆
𝑛 𝛿𝑣𝐼𝑁𝑆

𝑛 𝛿Ψ 𝛿𝐵𝑎 𝛿𝐵𝑔 𝛿𝑆𝑎 𝛿𝑆𝑔] (7)        

 

(4)-(6) can be expressed as： 

 

𝑋̇𝑖𝑛𝑠 = 𝐻𝑖𝑛𝑠𝑋𝑖𝑛𝑠 + 𝐺𝑖𝑛𝑠𝜔𝑖𝑛𝑠                  (8) 

 

 

2.3 GNSS/INS tight coupled 

Generally, the IMU center position and the GNSS receiver 

Phase center are different with each other. So we need to correct 

the GNSS antenna phase center to the IMU center through the 

arm error vector 𝑙𝑏： 

 

𝑝𝑖𝑛𝑠
𝑛 = 𝑝𝐺𝑁𝑆𝑆

𝑛 + 𝐶𝑏
𝑛𝑙𝑏                                   (9) 

 

The state equation of tightly-coupled model can be expressed as: 

 
ZTC = HTCXTC + ζTC, ζTC~N(0,ωk)

XTC,k = ϕk−1,kXTC，k−1 + ξk−1, ξk−1~N(0, Qk)
}             (10) 

 

where      ZTC、HTC、XTC、ζTC are the observation vector, 

design coefficient matrix, state vector, and observation noise, 

respectively; Φk−1,k、 ξk−1  are state transition matrix and 

process noise, respectively; 

 

The vector XTC consists of 𝑋𝐼𝑁𝑆 and 𝑋𝐺𝑁𝑆𝑆： 

 
𝑋𝑇𝐶 = [𝑋𝐼𝑁𝑆 𝑋𝐺𝑁𝑆𝑆]

𝑋𝐺𝑁𝑆𝑆 = [𝛿𝑡𝑟 𝛿𝑡̇𝑟 𝐼𝑜𝑛 𝑇𝑟𝑜𝑝 𝐷𝐶𝐵 𝑁]

XINS = [𝛿𝑝𝐼𝑁𝑆
𝑛 𝛿𝑣𝐼𝑁𝑆

𝑛 δψ δBa δBg δSa δSg]

} (11) 

 

where  𝑡̇𝑟 is clock drift; 

 

In the tightly-coupled model, the doppler frequency shift is 

increased and the clock drift parameter is introduced. So, the 
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observation vector ZTC  are pseudo range, carrier, Doppler 

frequency shift, and ionospheric delay。 

 

𝑍𝑝 = 𝑃 − ‖𝑝𝑟
𝑒 − 𝑝𝑠

𝑒 − 𝐶𝑛
𝑒𝐶𝑏

𝑛𝑙𝑏‖ − ∆𝑃 + 𝜂𝑃

𝑍𝐿 = 𝐿 − ‖𝑝𝑟
𝑒 − 𝑝𝑠

𝑒 − 𝐶𝑛
𝑒𝐶𝑏

𝑛𝑙𝑏‖ − ∆𝐿 + 𝜂𝐿

𝑍𝐷 = 𝐷 − ‖𝑣𝑟
𝑒 − 𝑣𝑠

𝑒 − [(𝜔𝑖𝑛
𝑛 ×)𝐶𝑏

𝑛𝑙𝑏 + 𝐶𝑏
𝑛(𝑙𝑏 ×)𝜔𝑖𝑏

𝑏 ]‖ − ∆𝐷 + 𝜂𝐷
𝑍𝐼𝐺𝐼𝑀 = 𝐼𝑜𝑛 }

 
 

 
 

 

(12) 

 

where  ∆𝑃, ∆𝐿 and ∆𝐷 are the unmodeled errors in pseudo 

range, carrier, and doppler observations, respectively； 

 

Designed coefficient matrix HTC can be expressed as 

 

1 2 3

1 2 3

1 2 3

1 2 3

7 8 9 10 11 12

7 8 9 10 11 12

4 1

4 1

4

4

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
=

0 0 0 0 0 0

0 0 0

0 0 0

0 0

0 0

0 0
.............

0 0

0 0 0 0 0 0

0 0 0 0 0 0

TC

H H H

H H H

H H H
H

H H H

H H H H H H

H H H H H H

I H H I

I H H I

I H I I

I H I I















− 


−








      

(13) 

 

where  𝛾 are the ionospheric conversion coefficient, 𝐻1~𝐻14 

as follows： 

 
𝐻1 = 𝐴𝐶1

𝐻2 = 𝐻1(𝐶𝑏
𝑛𝑙𝑏 ×)

𝐻3 = 𝐻12 = [1⋯1]𝑇

𝐻4 = [𝑀𝑤𝑒𝑡,1⋯𝑀𝑤𝑒𝑡,𝑚]
𝑇

𝐻5 = 𝐻3𝛽
𝐻6 = 𝐻3𝛼

𝐻7 = 𝐴𝐶2𝐷
−1

𝐻8 = 𝐴𝐶𝑛
𝑒

𝐻9 = −𝐻8[(𝜔𝑒𝑛
𝑛 × +𝜔𝑖𝑒

𝑛 ×)𝐶𝑏
𝑛(𝑙𝑏 ×) +]

+𝐻7(𝐶𝑏
𝑛𝑙𝑏 ×)

𝐻10 = −𝐻8𝐶𝑏
𝑛(𝑙𝑏 ×)

𝐻11 = 𝐻10𝑑𝑖𝑎𝑔(𝜔𝑖𝑏
𝑏 )

𝐴 = (𝑝𝑟
𝑒 − 𝑝𝑠

𝑒 − 𝐶𝑛
𝑒𝐶𝑏

𝑛𝑙𝑏) 𝜌𝐼𝑁𝑆⁄ }
 
 
 
 
 
 
 

 
 
 
 
 
 
 

        (14) 

 

The state transition matrix ϕk−1,k top 21 ×21 is consistent with 

𝐻𝐼𝑁𝑆.The state transition matrix receiver clock error and receiver 

clock drift is [
1 ∆𝑡
0 1

]. The state transition matrix of other GNSS 

parameters are an identity matrix, and the parameters of GNSS 

and ins are independent of each other. 

 

Fig. 1 is the structure of the GNSS/INS tightly- coupled 

navigation algorithm structure. The algorithm of the GNSS data 

processing part refers to the open-source code ‘GAMP’ (Zhou et 

al., 2018). The algorithm of the INS data processing part refers 

to AINS (Shin, 2005). Since the sampling rate of IMU data is 

much higher than that of GNSS data, INS completes the update 

of state vector separately when GNSS data is not updated. When 

GNSS data is updated, GNSS data and INS navigation results are 

filtered, and then new navigation results are output. The new 

deviation and scale factor of the gyro and accelerometer are used 

to compensate the IMU data of the next epoch. 

3. EXPERIMENTAL RESULTS AND ANALYSIS 

In order to analyze and verify the performance of 

GNSS/INS tightly-coupled algorithm, we collected two hours 

of dynamic data in Fozuling, Wuhan on July 20, 2018. The INS 

equipment is Lide A15. The corresponding parameters of the 

sensor and the parameters used in data processing in this paper 

are shown in Table 1. The sampling rate of IMU data is 200Hz. 

The GNSS receiver is Trimble R8, which can receive the 

observation data of GPS and BDS systems. The sampling rate 

is 1Hz. The GNSS data processing strategy is shown in Table 2. 

In addition, IGS final precise ephemeris product (sampling rate 

900s) and precise clock error product (sampling rate 30s) are 

used for calculating satellite orbit and clock error respectively, 

and IGS DCB and GIM products are used for satellite DCB 

correction and calculating ionospheric delay respectively. The 

trajectory of this experiment is shown in Figure 2. 

 

Table 1. IMU parameter 

IMU parameter  

Angle random walk 0.003, deg/s/sqrt(h) 

Velocity random walk 0.03, m/s/sqrt(h) 

Gyro zero bias standard 

deviation 

0.027, deg/h 

Accelerometer zero deviation 

standard deviation 

15, mGal 

Gyro zero bias correlation 

time 

4, h 

Accelerometer zero bias 

correlation time 

4, h 

Lever arm compensation [0.8,0.65,-1.4](b frame) 
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Figure 1. PPP/INS tightly-coupled navigation algorithm structure 

 

 

 
Figure 2. Trajectory 

 

Table 2. GNSS data processing strategy 

parameter  

Receiver clock error White noise 

Receiver clock drift Random walk 

Ionospheric delay Random walk 

Tropospheric wet delay Random walk 

Ambiguity Random walk 

Tropospheric dry delay、

PCO、PCV、Solid tide, 

phase winding, etc 

Empirical model correction 

 

3.1  Experimental data analysis 

Figure 3 counts the number of visible satellites and position 

dispersion of precision (PDOP) values of BDS and GPS 

systems. As shown in the figure, the number of GPS satellites 

observed is slightly more than that of BDS satellites, with an 

average of visible satellites are 8.54 and 9.25 respectively. The 

average observable satellites of the two systems are 17.8. The 

average PDOP value of GPS is 2.46 and the average PDOP 

value of GPS + BDS satellite is 1.35. It indicates that the spatial 

geometric distribution of the satellite has been significantly 

improved after adding BDS satellites. This shows that the field 

of vision of the experimental site is relatively wide and the 

observation conditions of GNSS are good. It is worth noting that 

GNSS data signal interruption occurred around LT 10:50, the 

number of observable satellites of GPS and BDS decreased 

significantly, and the PDOP value increased significantly. 

 

3.2 Experimental result analysis 

In order to analyze the performance of GNSS/INS tightly-

coupled algorithm, the performance of GNSS and GNSS/INS 

tightly-coupled positioning is compared. Since the positioning 

result of GNSS/INS tightly-coupled is based on the center of 

inertial sensor, it is necessary to correct the positioning result of 

GNSS to the positioning result of integrated navigation, as 

shown in the following formula: 

 

𝑃𝐼𝑁𝑆
𝑒 = 𝑃𝐺𝑁𝑆𝑆

𝑒 − 𝐶𝑛
𝑒𝐶𝑏

𝑛𝑙𝑏                               (15) 

 
Figure 4 shows the positioning error of GNSS and GNSS/INS 

tight combination in the end direction. Due to the weak satellite 

signal during 10:50, the positioning accuracy of two algorithms 

is affected. The GNSS is affected more seriously. It proves that 

when there are few or no GNSS observations, GNSS/INS 

integrated navigation can provide higher-precision and more 

stable positioning results. Table 3 counts the root mean square 

(RMS) values of the positioning errors of the two algorithms in 

the END (East, North, Down) direction, Horizontal and 3D. The 

horizontal positioning error difference between the two 

algorithms is very small, which are 0.86m and 0.71m 

respectively. However, in the D direction, the positioning error 

is 2.3 m and 0.9 m respectively. Compared with the GNSS, the 

tightly-coupled positioning accuracy has been significantly 

improved by 62.3% respectively. The 3D positioning accuracy 

of the two algorithms are 2.5 and 1.3 m respectively. Compared 

with GNSS positioning results, the tight combination 

positioning accuracy is improved by 54.9%. 
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Figure 3. Number of visible satellites (up) and PDOP 

value (down) 

 

 

 
Figure 4. Position error of GNSS and GNSS/INS tightly-

coupled in END direction 

 

As show in figure 5, the velocity error of GNSS/INS tightly-

coupled are -0.02 to 0.02m/s in E and N direction, -0.05 to 0.05 

in D direction. As table 4, the RMS of velocity error in END 

direction are 3.4, 3.5 and 4.1 mm/s respectively. Similarly, the 

velocity error also fluctuates slightly in the period of week 

GNSS signal. Figure 6 presents the attitude angle error of 

GNSS/INS tightly-coupled. The error of roll and pitch angle are 

small relative to heading angle. As table 5, the RMS of attitude 

angle (Roll, Pitch, Heading angle) error are 0.08, 0.05, 0.44′ 

respectively. It is worth noting that the attitude angle is not 

affected in the period of week GNSS signal. This shows that the 

attitude angle is a little affected by the GNSS observation. 

 

 

Figure 5. Velocity error of GNSS/INS tightly-coupled in END 

direction 

 

 

Figure 6. Attitude angle error of GNSS/INS tightly-coupled 

 

Table 3. Position error in END direction 

 GNSS GNSS/INS 

RMS(m) RMS(m) improve 

E 0.47 0.45 - 

N 0.72 0.55 14.2% 

D 2.38 0.90 62.3% 

Horizontal 0.86 0.71 17.4% 

3D 2.53 1.14 54.9% 

 

As show in figure 7, the residual value of carrier observation 

(L1 and L2) is -1 to 1cm, and the RMS is 6mm and 8mm 

respectively. Relative to high-precision carrier observations, the 

residual value of pseudo range observation (P1 and P2) is -1 to 

1 m, and the RMS is 0.56m and 0.51m respectively. The 

residual value of doppler (D1) is -0.5 to 0.5 m, and the RMS is 

0.08m. The RMS values of the residuals of pseudo range, 

carrier and Doppler observations are within three times of their 

a priori accuracy, and the a priori accuracy is 0.3m, 0.003m and 

0.1m respectively. This shows that the quality of GNSS 

observation data in this experiment is good. 

 
Figure 7.   GNSS observation residual of GNSS/INS tightly 

coupled 

4. CONCLUSION 

In order to obtain a high-precision and robust kinematic vehicle 

navigation result under the urban environment, we design 
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GNSS/INS tightly-coupled navigation software for land vehicles. 

In order to verify the performance of the algorithm, we collected 

a set of on-board GNSS and INS data under the urban 

environment. The whole experiment lasted two hours around 

Fozuling, Wuhan.  

The experimental results show that the E and N direction position 

precision is batter than 0.5m and the D direction position 

precision is better than 1m. Compared to GNSS, the positioning 

precision of GNSS/INS tightly-coupled navigation in D direction 

and 3D improves 62.3% and 54.9 respectively. The velocity 

precision and attitude precision of GNSS/INS is very high, within 

1mm/s and 1′. And The residual value of GNSS observation are 

lower than their triple priori variance, it proves that the quality of 

GNSS observation data in this experiment is good. The 

experimental results show that GNSS/INS tightly-coupled can 

provide higher precision and robust navigation and positioning 

results. 
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